Comparison of five X-ray observations of the intermediate polar FO Aqr reveals that the morphology of the X-ray light curve changes considerably with time. In particular, power spectra of the 1988 Ginga and 1993 ASCA data reveal strong sideband and orbital variations, whereas the 1990 Ginga observation does not. This suggests that the amount of stream-fed accretion varies with epoch, and the system was accreting predominantly from a disc in 1990.
I N T R O D U C T I O N
The intermediate polar FO Aquarii is widely recognized as an important member of its class. Initially discovered as the HEAO-1 X-ray source H2215 ¹ 086 (Marshall et al. 1979) , the optical counterpart was subsequently identified as a cataclysmic variable by Patterson & Steiner (1983) . The optical light curves revealed large variations (amplitude ϳ40 per cent) with a period of 20:9 min, identified as the white dwarf rotation period (P spin ¼ q ¹1 ), and broad minima recurring with the orbital period (P orb ¼ Q ¹1 ) of 4:85 h (Shafter & Targan 1982; Patterson & Steiner 1983; Osborne & Mukai 1989 ). Modulations at these periods have also been detected at IR (Sherrington, Jameson & Bailey 1984) , UV (de Martino, Buckley & Mukai 1994 ) and X-ray (Cook, Watson & McHardy 1984; Chiappetti et al. 1989; Norton et al. 1992) wavelengths. Additionally, modulations have also been seen at the sideband period [P beat ð¼ q ¹ Q ¹1 Þ] of 22:5 min in the optical and X-ray bands (e.g. Patterson & Steiner 1983; Norton et al. 1992 ).
The white dwarf in an intermediate polar is thought to posess a magnetic field of sufficient strength to control the accretion flow some distance from its surface. However, the exact nature of the accretion process is still under discussion (for recent reviews see Patterson 1994; Hellier 1995 and Norton 1995) . The conventional picture is that of an accretion disc truncated at some point by the white dwarf magnetosphere. Hameury, King & Lasota (1986) , however, suggested that if the magnetic field of the white dwarf were strong enough a disc would not form and the stream would impact the magnetosphere directly. A hybrid of the two may also be possible whereby an accretion disc is present but a fraction of the accretion stream overflows the disc and carries on to interact with the white dwarf magnetosphere (Lubow 1989; Hellier et al. 1989) , though King & Lasota (1991) suggest that the majority of the matter is still accreted through the stream and the disc is relegated to a 'non-accretion' disc. Once inside the magnetosphere, the accreting material is channelled towards the polar regions of the white dwarf, producing modulated emission as it rotates.
Observations suggest that an accretion disc is present in FO Aqr. For example, detailed optical spectroscopy revealed a rotational disturbance in the emission-line variations that can naturally be attributed to an eclipse of an outer disc region by the secondary star (Hellier, Mason & Cropper 1990) . Additionally, a partial eclipse of the optical continuum is seen (Hellier 1995) , suggesting that FO Aqr is a high-inclination system (i ϳ 65Њ) with a disc.
Despite being a well-studied system, the accretion geometry in the vicinity of the white dwarf is still uncertain. The hard X-ray emission, arising close to the white dwarf surface from shockheated material, should allow important clues to the geometry to be obtained.
With this in mind, we have collected together the X-ray light curves of FO Aqr from five observations taken with EXOSAT, Ginga and ASCA , spanning a 10-yr interval. The most recent observations show that the mode of accretion changes from disc-overflow to predominantly disc-fed and back. The spin-pulse profiles also vary considerably between observations, the origins of which are addressed.
O B S E RVAT I O N S
The X-ray observations reported and analysed here were made over the period 1983 October to 1993 May with the EXOSAT, Ginga and ASCA satellites. The observation details are summarized in Table 1 . All but the 1990 June Ginga observation have been reported previously (see Chiappetti et al. 1989; Norton & Watson 1989; Norton et al. (1992) ; Mukai, Ishida & Osboren 1994) .
EXOSAT
EXOSAT data were acquired with the Medium-Energy (ME) proportional counter array (Turner, Smith & Zimmermann 1981) in 1983 October and 1985 October. The instrument observed in an offset configuration with one half pointing at the target and the other monitoring the background. The background level was estimated, then subtracted, using data obtained from the slew to the source (see Norton 1989 for a detailed description). Light curves were extracted in time bins of 10-s duration covering a useful energy range of 2-10 keV. A further EXOSAT ME observation from 1983 August was not used due to an inadequate background subtraction.
EXOSAT also observed FO Aqr simultaneously with the LowEnergy (LE) telescope (de Korte et al. 1981) , which is sensitive to X-rays in the energy range ϳ0:05-2 keV. However, the source was not significantly detected. 
Ginga
The Ginga data were taken with the Large-Area Proportional Counters (LAC) (see Turner et al. 1989 for a detailed description of Ginga and its instrumentation). With an effective area of 4000 cm 2 and higher energy response, the Ginga LAC data represent a considerable improvement over those obtained with the EXOSAT ME.
The 1988 October Ginga observation was made in MPC-1 mode in which data are obtained in 48 pulse height channels covering a usable energy range of 1:7-28 keV. Most of the 1990 June Ginga observation was made in MPC-3 mode whereby the 48 channels are compressed by a factor of 4, resulting in a lower usable energy of 2:2 keV.
The Ginga data were extracted using standard data-selection criteria and the observations were background-subtracted using the modelling procedure outlined in Hayashida et al. (1989) . For the 1988 October observation a 'universal' background subtraction was performed (which makes use of background observations taken over a four-month period), whereas for the 1990 June data a background observation taken adjacent in time (and position) was used. Light curves were extracted with a temporal resolution of 16 s for both observations.
ASCA
The ASCA observation was made during the performance verification programme of the satellite in 1993 May. The ASCA satellite carries four aligned X-ray telescopes, the focal plane detectors of which are two gas scintillation proportional counters (the Gas Imaging Spectrometers, GISs) and two CCD cameras (the Solidstate Imaging Spectrometers, SISs). A description of the satellite can be found in Tanaka, Inoue & Holt (1994) . The instruments are sensitive to X-rays in the energy range 0.4-10 keV.
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1 FO Aqr was also observed in 1994 May with the ROSAT High Resolution Imager (HRI), which covers a similar energy range to the LE (0.1-2:1 keV). The mean count rate was 7:2 Ϯ 0:7 × 10 ¹3 count s ¹1 , which was insufficient to produce a useful light curve.
Standard data-selection criteria were applied and light curves were generated with a temporal resolution of 32 s. The background was estimated for each instrument by generating light curves away from the source, though staying near to the central part of the field of view where a spatially uniform background can be assumed. After losses in the wings of the point-spread function, the mean count rates were 0:3 count s ¹1 per GIS and 0:2 count s
¹1
per SIS. The count rates from all four instruments were subsequently combined.
Ephemeris
In order to compare the spin-folded light curves a new spin ephemeris was required to align the X-ray observations as by 1993 the predictive power of the Osborne & Mukai (1989) quadratic and cubic spin ephemerides becomes more uncertain. Phase zero was therefore calculated using the following linear ephemeris:
HJD ¼ 244 7165:385 83ð11Þ þ 0:0145 191 115ð22ÞE which was derived using the times of optical spin maximum from Osborne & Mukai (1989) with additions of three points from Kruszewski & Semeniuk (1993) and five points from Patterson (private communication). The O¹C (observed¹calculated) times of spin maximum for this ephemeris are plotted in Fig. 1 . There is a significant (Ϯ0.15 cycle) scatter in the O¹C diagram; a detailed discussion on the nature and origin of this scatter is beyond the scope of this paper. We simply note that the above ephemeris appears to provide a good description of the long-term average, and that an ephemeris of a much better predictive power is unlikely given the large scatter.
R E S U LT S

Power spectra
The Ginga and ASCA observations cover a sufficient duration to provide adequate frequency resolution to search for the sideband components in power spectra of the light curves. Unfortunately, data from low-Earth-orbit satellites such as these suffer gaps due to Earth occultation of the source, or periods when the instruments are switched off due to passage through areas of high particle background (such as the South Atlantic Anomaly). This complicates the power spectra which are then convolutions of the true variations from the source with the window function of the data. Therefore, after calculating 'dirty' power spectra from the mean subtracted data, the effects of the window function were removed using the one-dimensional CLEAN algorithm as implemented by H. J. Lehto (private communication; see Norton, Beardmore & Taylor 1996) for a brief summary). Fig. 2 illustrates the general properties of the power spectra by showing the results obtained in an approximately uniform energy band of 2-10 keV for the Ginga and ASCA observations. Note that the power of a signal in this figure is equal to the square of half the amplitude of the corresponding sinusoid at that frequency. The power spectra differ significantly between observations, illustrating the changing morphology of the X-ray light curves with epoch. In particular, we see the presence of the sideband frequency q ¹ Q in the 1988 Ginga and 1993 ASCA observations, together with strong orbital modulations. In contrast, the 1990 Ginga observation is dominated by the spin cycle, with little power at the orbital and sideband frequencies. Also, both Ginga observations show a strong 3q component whereas the ASCA one does not.
To explore the data further, Table 2 lists the amplitudes of various frequencies relevant to the FO Aqr system (as a fraction of the fundamental of the spin modulation in that band) obtained by CLEAN for different energy bands. As with any power spectrum, in the absence of a signal the power level attains a finite value due to the presence of noise in the data. The estimated noise levels in Table 2 correspond to the relative amplitude of the power level exceeded by only 5 per cent of the noise peaks (i.e. after excluding prominent peaks due to q, Q, etc.) in a given power spectrum. Therefore if the relative amplitude of one of the expected system frequencies is greater than this value then we are 95 per cent confident the signal is not due to noise.
During the 1988 observation, the q ¹ Q component is clearly visible at all energies, while other sidebands (e.g. q ¹ 2Q, q þ Q, q þ 2Q) are evident in the lowest energy band. The relative amplitude of the orbital component appears to increase with energy until above 10 keV it is the most dominant signature in the light curve. This may, however, be a consequence of a decreasing amplitude of the spin frequency with increasing energy. In the 1990 observation, the strength of the orbital and sideband components are much reduced, and the spin modulation provides the strongest signature at all energies. By the 1993 observation, the orbital and sideband components are once again prominent, the latter particularly so at lower energies. As in the 1988 observation, significant power is present at the 2q ¹ Q frequency at low energies. However, during this observation the relative orbital amplitude decreases with increasing energy. Additionally the light curve becomes more spinfrequency dominated (i.e. sinusoidal) at higher energies. Fig. 3 shows the orbital averaged spin-folded light curves from the EXOSAT, Ginga and ASCA observations, in approximately uniform energy bands covering the range 2-10 keV. The Ginga and ASCA data also extend to harder and softer energies respectively, and the corresponding spin folds are shown in Fig. 4 (a). In the comparisons which follow we note that there is some uncertainty in the relative phasing (cf. Fig. 1 ) and a degree of caution should be borne in mind.
Spin-folded light curves
The spin-folded profiles show a great deal of variation from one epoch to the next. The 1983 EXOSAT folded light curves are relatively sinusoidal at all energies, reaching a maximum close to phase zero. The 1985 data are more complex at low energies, however, with an extended maximum from phase 0:0 to 0:6 followed by a sharp drop to minimum. There appears to be a dip at phase 0:15 to 0:20 which increases in depth with increasing energy, possibly due to one of the adjacent peaks having an energy-dependent width.
The Ginga data provide clearly defined spin-pulse profiles due to the increased observing time and signal-to-noise ratio as compared with EXOSAT. The 1988 Ginga spin folds appear different from the EXOSAT data and are strongly energy-dependent. In the lower energy bands we see a sharp rise to maximum (at phase 0.2) which occurs in ϳ0:1 spin cycles, then a slower decline in flux to phase 0.65, followed by a sudden dip to a minimum at phase 0.7. At phase zero we see the 'notch' first reported by Norton et al. (1992) , which is present at all energies (and responsible for the majority of the modulated flux above 10 keV; see the left-hand panel of Fig. 4a ). Just prior to the notch at phase 0.85 we see an 'interpulse' during which the count rate increases slightly. At medium energies the light curve is sawtooth-shaped (excluding the notch feature at phase zero).
By the 1990 Ginga observation the spin-pulse profile has become more symmetrical, again reaching a maximum at phase 0.2 but now with a minimum at phase 0.6. The notch is also still present at phase zero, followed by the rapid rise to maximum, along with the interpulse at phase 0.85. A significant modulation is still visible (amplitude ϳ20 per cent) in the harder energy band 9.1-18:2 keV (see the middle panel of Fig. 4a ).
The 1993 ASCA data extend the energy coverage to below 1:5 keV, and reveal a very structured spin profile. The lowest energy band (0.4-1:5 keV; see the right-hand panel of Fig. 4a ) exhibits a very narrow pulse of emission at phase 0.2, lasting 0.25 spin cycles. Mukai et al. (1994) showed that this emission occurs predominantly from an unabsorbed spectral component near orbital phase 0.5. Moving towards higher energies (1.5-3:0 keV) we see a shoulder appearing at spin phase 0.3-0:7 due to the increased importance of emission from an absorbed spectral component . At higher energies still (> 5 keV) the light curve becomes more sinusoidal, dominated by the emission from the absorbed spectral component. The notch seen in the previous Ginga observations is no longer present, possibly due to the absence of the interpulse at phase 0.85. There are, however, some similarities between the spin-folded light curves from the different epochs. For example, the modulation fraction of the spin variation decreases towards higher energies. The ASCA and 1985 EXOSAT profiles are quite alike, particularly at ϳ4-5 keV. Also, a fold of the lowest energy channel available to the 1988 Ginga data (1:7-2:2 keV) produces a narrow pulse of emission from phase 0:0-0:4 comparable to the ASCA low-energy data. Finally, removal of the interpulse from the 1988 Ginga observation results in almost identical light curves to those obtained with ASCA.
Spectral variations
In order to illustrate the energy dependence of the spin-pulse profiles we have calculated hardness ratios of the Ginga and 340 A. P. Beardmore et al. ᭧ 1998 RAS, MNRAS 297, 337-347 ASCA folded data. These are presented in Fig. 4(b) , and are quite complex. In all three observations a deep minimum occurs in the hardness-ratio variation at spin phase 0.1-0:3, when the spectrum becomes softer. The maximum hardness ratio appears at a slightly different phase for each observation, occurring at phase 0.7 in 1988, 0.6 in 1990, and 0.8 in 1993. 3 These phases correspond to times of minima in the light curves (though not the deepest minimum in 1988 which occurs at phase zero). In both Ginga observations an approximately constant hardness ratio is seen at the phase of the interpulse.
An increase in the hardness ratio of low-medium energy X-rays (ϳ1-10 keV) can be caused by an increase in the photoelectric absorption opacity by material intrinsic to the source. This was confirmed by performing phase-resolved spectral fitting to the 1988 Ginga data. (The ASCA and later Ginga observation were not suitable for such an analysis because of inadequate signal-to-noise ratio and spectral resolution, respectively.) The data were folded into five phase bins of equal duration (containing exposures of around 10 ks) and the resulting spectra were simultaneously fitted with a bremsstrahlung continuum (including an iron line) absorbed by a partial covering absorber. The bremsstrahlung temperature (and iron line energy) were constrained to be the same in each phase bin while the normalization, covered fraction (C F ) and column density (N H ) were allowed to vary. A good fit was obtained (x 2 n ¼ 105=132) with a continuum temperature of 30 keV and line centroid energy of 6:5 keV. An increase in the column density and covering fraction were required at phase 0:7 (N H ¼ 2:2 × 10 23 cm ¹2 , C F ¼ 0:95) as compared with phase 0:3
Changing the column density and covered fraction by these amounts accounts for the increase in the hardness ratio from 1.4 to 2.3 during the 1988 Ginga observation (see Fig. 4b ).
D I S C U S S I O N
In this paper we have presented the spin-folded light curves from five X-ray observations of the intermediate polar FO Aqr, spanning a 10-yr interval. Included is a previously unreported Ginga observation taken in 1990. The non-sinusoidal spin-pulse profiles are unique amongst the intermediate polars in that they show significant changes from one observational epoch to the next. For example, at medium X-ray energies the FO Aqr spin-folded profiles change from relatively sinusoidal (1983) to sawtoothed (1988) and back (1993) ; at lower energies a narrow pulse of X-ray emission contributes at spin phase 0.2 for approximately a third of the spin cycle; an interpulse occurs at phase 0.85 in the 1988 and 1990 observations and is responsible for the notch feature at phase zero. In addition, the maximum hardness ratio is seen to shift between observations. In contrast, the spin pulses in other well-studied intermediate polars, such as AO Psc, EX Hya, V1223 Sgr, have remained sinusoidal during all X-ray observations (Rosen, Mason & Córdova 1988; Norton & Watson 1989; Rosen et al. 1991; Hellier et al. 1996; Taylor et al. 1997; Allan, Hellier & Beardmore 1998) . Where pulse profile changes are seen, such as from single-to double-peaked in GK Per and XY Ari, the cause is related to outbursts in the system (Watson, King & Osborne 1985; Norton, Watson & King 1988; Ishida et al. 1992; Hellier, Mukai & Beardmore 1997) .
We have also compared power spectra of the three most recent Xray observations from 1988, 1990, and 1993 . We have found in particular that the orbital and q ¹ Q components were prominent in Changing X-ray light curves of FO Aqr 341
᭧ 1998 RAS, MNRAS 297, 337-347 ¹4 Hz. a Corresponds to the amplitude of the 95 per cent noise level (estimated from the power level exceeded by 5 per cent of the powers in the power spectrum) divided by the amplitude of the spin frequency.
3 Even though there may be some uncertainty in the relative phasing we believe that the phase shifts associated with the hardness ratio maxima are real because the hardness ratio minima occur at the same phase during the three observations. 1988 and 1993, together with other sideband periods at low energies. During 1990, however, the observation was dominated by the spin component, and the amplitudes of the orbital and sideband features were significantly reduced.
In order to explain the observations we begin by summarizing the general properties of models proposed to account for the X-ray modulations in IPs. Using this information we then offer an interpretation for the changing power spectra and complex spinpulse profiles seen in FO Aqr.
Interpreting the power spectra
The origin of the signals observed in the power spectrum of an intermediate polar X-ray light curve is directly related to the mode of accretion on to the white dwarf. The most fundamental signals, caused by the intrinsic rotation of the white dwarf, occur at the spin frequency if the system accretes via a disc, or at the lower orbital sideband frequency q ¹ Q and/or 2q ¹ Q (Hellier 1991; Wynn & King 1992 ) if the system is accreting via a stream (though an additional signal at the spin frequency can be produced if large asymmetries exist between the magnetic poles; Wynn & King 1992) . A combination of spin and sideband frequencies will be expected from the disc-overflow accretion geometry.
Modulations at the orbital period can arise if the emitting region(s) are obscured by material rotating in the binary framefor example, in high-inclination systems by material thrown out of the binary plane at the stream-disc impact region or the streammagnetosphere impact region (Hellier 1993) . Also, the footprints of the stream-fed accretion sites will be located on the hemisphere of the white dwarf facing the incoming stream, and their visibility will vary during the orbital cycle (Hellier 1991; Hellier 1998; Norton et al. 1997) .
Additional signals can be produced by amplitude modulation of intrinsic pulses (e.g. the spin) by a lower frequency component (such as the orbital period, if the latter is caused by absorption). When this occurs we expect to see equal power in the lower and upper sidebands of the original pulse (e.g. Warner 1986 ).
Returning to the data, both the 1988 Ginga and 1993 ASCA observations show strong signatures at the q ¹ Q sideband frequency. Signals at the q þ Q frequency are also seen (particularly at lower energies) which is suggestive of amplitude modulation of the spin pulse at the orbital period (for example, as a result of absorption). However, the amplitudes of the q þ Q are less than the corresponding q ¹ Q detections (typically by factors of 2), suggesting that most of the latter is caused by intrinsic stream-fed accretion. Further evidence for stream-fed accretion during these observations is provided by the detection of the 2q ¹ Q component, which is most obvious in the lowest energy bands of the ASCA data. It is unlikely that the system is accreting entirely through a stream, however, as strong modulations at the spin period are still seen, indicating that disc-overflow accretion is the likely cause.
The 1988 and 1993 data also reveal the presence of signals at the q Ϯ 2Q frequencies (again in the lowest energy bands). Such modulations can be caused by amplitude modulation of the spin period at twice the orbital frequency. Indeed the 2Q frequency is strongly detected in these observations. However, a signature at the q ¹ 2Q frequency can also be produced by amplitude modulation of the q ¹ Q signal on the orbital period (the corresponding upper sideband contributes at the spin frequency). Again the q Ϯ 2Q amplitudes are generally not equal, suggesting that both mechanisms are responsible for producing the observed modulations.
The 1990 Ginga observation on the other hand shows much weaker power at the q ¹ Q and orbital frequencies, with the spin modulation the dominant contribution to the X-ray light curve. This suggests that the amount of stream-fed accretion is substantially reduced during this observation, and the system is accreting predominantly via a disc. It is also tempting to associate the muchreduced orbital modulation seen in 1990 with the near-absence of
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To summarize, the power spectra provide clear evidence for changing modes of accretion in FO Aqr, ranging from epochs of largely disc-fed accretion to times that include significant contributions from the overflowing stream.
Interpreting the spin profiles
The basic framework consists of a magnetic white dwarf accreting material from a truncated accretion disc. The magnetic field is assumed to be dipolar with an axis inclined to the spin axis of the white dwarf. The field funnels the accreting material to arc-shaped regions near the magnetic poles of the white dwarf (Rosen et al. 1988) , where it is heated to high temperatures (few × 10 8 K) by a strong shock. The accretion rate around each arc is likely to be nonuniform, being greatest along the field lines which are in a 'downhill' direction in the disc plane where the material is picked up. Under the geometry of a dipole field the maxmimum accretion rate to the upper pole will occur from the region of the disc directly below the dipole axis (Rosen et al. 1988) . Modulated X-ray emission is therefore expected from both arcs as the white dwarf rotates, caused by occultation of the emitting regions by the body of the white dwarf (King & Shaviv 1984) , and/or phase-dependent photoelectric absorption (or electron scattering) by the intervening accretion curtain (Rosen et al. 1988; Rosen 1992; Kim & Beuermann 1995) -the latter is expected to be antiphased to the former from the upper pole.
In order to illustrate the above properties we have constructed a simple model based on accretion from a disc on to a white dwarf with a dipole magnetic field, the axis of which is inclined to the spin axis by the colatitude angle d. Furthermore, the field structure can be offset in a direction perpendicular to the plane formed by the spin and (centred) dipole axes which allows an asymmetry to be introduced between the two poles (otherwise no net modulation would be seen in the absence of absorption, assuming equal X-ray luminosities at both poles). The emission regions on the white dwarf surface are then defined by the field lines which thread the inner disc at the magnetic capture radius r d , and are found to be rings surrounding the magnetic poles (which are assumed to have negligible height). As the accretion rate is likely to be greatest along 'downhill' field lines, we have introduced a function w u;l ¼ A Ϯ B cos a which weights the accretion rate (and therefore the intensity of the X-ray emission) around the rings at the upper and lower pole respectively (with a the angle between the tangent to the field and the disc at the capture point). The actual values of w u;l are constrained to lie between zero and one (cf. Kim & Beuermann 1995) . Thus depending on the choice of A and B the emission can occur from a 180
• arc (A ¼ 0, B 0), all points on a ring (A ¼ 1,
, or somewhere in between. The light curves produced are simply the sum of the visibilities of the points on a given ring (one if visible, zero if occulted by the white dwarf) multiplied by the appropriate value of the weighting function. The weighting function for the upper pole is also used to provide a simple estimate of the expected phase-dependent absorption caused by its associated accretion curtain, with an absorption factor proportional to expð¹w u Þ.
The main features of the spin profiles to explain are the narrow pulse at spin phase 0.2, the hardness ratio maximum (the precise location of which changes with observation), and the appearance at certain epochs of the interpulse (which is responsible for the notch at phase zero during the Ginga observations). The question is, how can these be reconciled with the ingredients behind the spin modulations outlined above?
We will begin by concentrating on a system accreting predominantly from a disc (as appropriate for the 1990 observation, see above). As FO Aqr has a relatively high inclination, the line of sight from the observer to the arc at the upper pole is expected to pass through its associated accretion curtain, implying that absorption will play an important role in modulating the emission. Assuming this is the case, the maximum hardness ratio at phase 0.6 will define the phase when the upper pole is pointing towards the observer. Due to the expected variation in accretion rate around the curtain the opacity through it will fall off with the azimuth angle away from the point directly below the pole. This in turn causes the hardness ratio to decrease and flux to increase, giving rise to the interpulse at phase 0.85. A significant modulation persists above 10 keV in the second Ginga observation which is unlikely to be caused by photoelectric absorption (as the column densities required are high, տ10 24 cm ¹2 ). However, the pre-shock flow near the white dwarf surface is expected to be ionized (especially hydrogen and helium; Imamura & Durisen 1983; Rosen 1992) and electron scattering will provide an additional source of opacity in some parts of the curtain.
The fact that the narrow pulse is dominant at low energies (e.g. as seen in the ASCA observation) suggests that it avoids the absorption associated with the accretion curtain from the upper pole. A natural location for the site of this emission is therefore the arc around the lower pole, the curtain to which is below the orbital plane, never crossing the observer's line of sight.
To illustrate the above, Fig. 5(b) shows the calculated spin profile from the model for an inclination i ¼ 65
• , a dipole with a colatitude • . The emission from the upper and lower pole arcs is shown in the figure by dashed and dotted lines respectively, and the total contribution by the solid line. The phasing is such that the upper pole points to the observer at phase 0.6 and the arc around the lower pole is visible for 0:25 spin cycles centred at phase 0.2.
As a first attempt, the model reproduces the gross features of the Ginga 1990 data, namely the sharp rise to maximum (due to the near-simultaneous emergence of the two occulted emitting regions), the minimum at phase 0.6 when the upper pole is pointing towards the observer (caused by the opacity through the curtain), followed by the interpulse at phase 0.85 when the trailing (and least opaque) part of the curtain is in front of the upper pole-emitting region. The dipole offset of ϳ0:15R wd is required, otherwise the emission from the lower pole fills in the minimum due to the occultation of the upper pole (at phase zero), and the sharp rise to maximum at phase 0.2 is no longer obtained. We note that offset dipoles of similar magnitude have been required to explain Zeeman features in the spectra from isolated white dwarfs (e.g. Achilleos & Wickramasinghe 1989; Putney & Jordan 1995) . As an aid to understanding the geometry, Fig. 6 illustrates the orientation of the white dwarf at phase 0.6, 0.85 and 0.2.
The depth of the resulting notch is greater in the model than in the data. This can be alleviated by increasing the length of the arcs around the magnetic poles. For example, Fig. 5(c) shows the result of a repeated calculation with arcs of length 260
• (with > 50 per cent of the accretion occurring over the central 160
• ). This has the effect of widening the absorption minimum centred at phase 0.6 (thus decreasing the height of the interpulse), and filling in the minimum caused by occultation of the upper pole.
The main difficulty that the model has concerns the reproduction of the deep minimum in the hardness ratio at spin phase 0.2. For example, accretion on to 180
• arcs (Fig. 5b ) predicts no energy dependence at this phase. Increasing the length of the arcs beyond 180
• alleviates the problem somewhat, as the emission from the lower pole can be photoelectrically absorbed by the trailing/leading parts of the upper-pole curtain.
Alternative explanations include an intrinsically softer spectrum for the lower pole as compared with the upper pole -for example, due to a lower shock temperature. However, theory suggests the shock temperature would be the same at both poles (as it just depends on the white dwarf mass), implying that this is not plausable. Another possibility involves allowing for a non-negligible shock height. Then, when the lower pole appears over the limb of the white dwarf, the higher and hotter parts of the column will come into view first, resulting in a harder spectrum. When the lower pole is pointing directly towards the observer, however, the entire column is in view, producing a softer spectrum.
Future enhancements to the modelling code, such as allowing for non-negligible shock heights, may help improve the match between the data and the model. However, we believe that the interpretation outlined above provides a good starting point for understanding the spin-pulse profile in FO Aqr.
Change in the accretion-rate profile
The maximum in the hardness ratio for the 1988 and 1993 data shifts later in spin phase as compared with the 1990 observation. This suggests the corresponding azimuthal accretion-rate profile has changed, so that the maximum absorption occurs through field lines which trail the magnetic pole (whereas for the 1990 observation it occurred directly below the magnetic pole). In particular, in 1993 it has shifted in azimuth by ϳ75
• , which is sufficient to absorb the emission from the upper pole at the phase of the interpulse in the previous observations, while leaving the light curve relatively flattopped at phase 0.4-0:6 (e.g. in the 1.5-3:0 keV band). Also, the 1988 data suggest that the accretion-rate profile is not smoothly varying, as the hardness ratio rises slowly from phase 0.4 to 0.6 then increases more suddenly to phase 0.7.
How could such a change in the accretion-rate profile be achieved? If we assume that the 1990 observation corresponds to an epoch of equilibrium accretion from a disc then the disc will be disrupted close to the corotation radius R c ϳ 17R wd (Wang 1995 (Wang , 1997 , and the accretion rate will be greatest along the field lines immediately below the dipole axis. However, if the disc is threaded inside the corotation radius then the angular velocity of the inner disc material (assuming it remains Keplerian) will be greater than that of the field lines to which it attaches. Under these conditions simple geometry suggests that the field lines trailing the magnetic pole are better placed to control the flow of the accreting material as they are more aligned with the direction of motion in the disc plane. A natural way of shrinking the inner disc radius as required would be to invoke epochs of higher mass-transfer rate (as the magnetic capture radius is proportional toṀ ¹2=7 ). In particular, if the masstransfer rate were to increase from the secondary the amount of material overflowing the disc would also increase, giving rise to sideband signals in the power spectra. These are indeed seen during the 1988 and 1990 observations (see above).
One might think that such an increase inṀ would be testable from the observations -for example, as a brightening in the X-ray flux. In fact such a trend is not seen (see Table 1 ). However, an increase inṀ would raise the intrinsic opacity local to the emitting region (e.g. through the curtain) thus negating any observable rise in the X-ray flux. Such an effect has been seen at the onset of an outburst in the intermediate polar XY Ari , where an increase inṀ by a factor of 4 was indeed hidden by the rise in opacity (though an increase inṀ by a factor of a few times 10 a day later was not). Assuming that a similar small rise inṀ could occur in FO Aqr then this would cause the capture radius to shrink by up to ϳ30 per cent. However, whether this is sufficient to produce the required change in accretion-rate profile is difficult to say given the inherent uncertainties behind the disc-magnetosphere threading process.
Similarities with TX Col
FO Aqr is the second intermediate polar to show clear variations in the strength of the q ¹ Q sideband frequency in power spectra of its X-ray light curves -the other is TX Col ). An ASCA observation of TX Col in 1994 October revealed no modulation at the q ¹ Q frequency, whereas a ROSAT HRI observation taken a year later showed a strong signal at this frequency. An earlier EXOSAT observation of TX Col had already shown that the sideband component could be present (Buckley & Tuohy 1989) . The ROSAT HRI data also exhibited a strong modulation at the q ¹ 2Q frequency (i.e. amplitude modulation of the beat frequency), another factor in common with FO Aqr during epochs when q ¹ Q is seen.
As in this paper, Norton et al. 1997 interpreted the TX Col results as evidence for changes in the relative importance of the stream-fed component between observations, it being enhanced during the times when the sideband component is seen. They also discuss possible origins behind such variations in the mode of accretion (such as a variable mass accretion rate, changes in the activity of the secondary or changes in the structure of the accretion disc) which are equally applicable to FO Aqr. Such changes may be common in intermediate polars, especially those finely balanced between disc and disc-overflow geometries.
Comparison with PQ Gem
It is interesting to contrast the accretion geometry of FO Aqr with the recently discovered intermediate polar PQ Gem. The observed spin-folded X-ray light curves of PQ Gem revealed a sinusoidal modulation at high energies, while at lower energies a narrow dip was seen just prior to the X-ray maximum (Mason 1997) . Along with optical polarimetry and spectroscopy (Potter et al. 1997; Hellier 1997) , the data point to the fact that PQ Gem accretes primarily along the leading field lines of the accretion curtain. The X-ray maximum is thought to occur when the upper-pole arc points directly towards the observer (which is half a spin-cycle different from that adopted for other systems). The dip, which is energydependent and dominant at low energies, is then caused by absorption in the magnetically confined material which feeds the upper arc (cf. absorption dips in the polars EF Eri and QQ Vul: Watson et al. 1989; Beardmore et al. 1995) . For comparison, the notch seen in both Ginga observations of FO Aqr is present at all energies and has its origin in the occultation of the accretion arcs.
A consequence of accretion on to field lines associated with the leading part of the arc is that the disc is likely to be disrupted outside the corotation radius (Potter et al. 1997; Mason 1997 ). This will have the effect of slowing down the white dwarf rotation rate, which is indeed observed in PQ Gem (Mason 1997; Hellier 1997) . In contrast, in order to explain the phase shift of the hardness-ratio maximum in the 1988 and 1993 X-ray observations of FO Aqr we require that the accretion flow connects predominantly to those field lines which trail the magnetic pole at these epochs.
C O N C L U S I O N S
Power spectra of the three most recent X-ray observations of FO Aqr reveal variations in the mode of accretion at different epochs. In particular, the orbital and sideband components were prominent in the 1988 Ginga and 1993 ASCA observations, indicating that discoverflow accretion was occurring. However, the 1990 Ginga observation was dominated by the spin component, revealing that the system was accreting mainly from the disc.
We have also collected together the spin-folded X-ray light curves from five observations spanning 10 yr. Unlike other intermediate polars, the X-ray pulse profiles show significant changes from one observational epoch to the next. Also, the maximum of the hardness ratio variation appears to wander in phase between observations.
The 1990 Ginga spin-pulse profiles are explained using a model for accretion from a disc along a dipole magnetic field, the axis of which is offset from the white dwarf centre by ϳ0:15 white dwarf radii. The minimum at spin phase 0.6 occurs when the opacity through the upper-pole accretion curtain is at its greatest, and corresponds to the maximum in the hardness ratio variation. Owing to the variation of accretion rate with disc azimuth angle the opacity through the curtain is reduced a quarter of a cycle later, giving rise to an interpulse at phase 0.85. The emission from the lower pole produces a narrow, unabsorbed component at phase 0.2.
In order to explain the shift in the peak of the hardness ratio in 1988 and 1993 we suggest that the accretion-rate profile alters so that the accretion occurs largely along field lines which trail the magnetic pole (as might be expected for accretion from within the corotation radius). This also explains the disappearance of the notch in 1993, as the interpulse is absorbed from view.
